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ABSTRACT
Magnetic fields are ubiquitous in our Universe, but remain poorly understood in many branches
of astrophysics. A key tool for inferring astrophysical magnetic field properties is dust emission
polarimetry. The James Clerk Maxwell Telescope (JCMT) is planning a new 850 µm camera
consisting of an array of 7272 paired Microwave Kinetic Inductance Detectors (MKIDs), which will
inherently acquire linear polarization information. The camera will allow wide-area polarization
mapping of dust emission at 14′′-resolution, allowing magnetic field properties to be studied in a
wide range of environments, including all stages of the star formation process, Asymptotic Giant
Branch stellar envelopes and planetary nebula, external galaxies including starburst galaxies and
analogues for the Milky Way, and the environments of active galactic nuclei (AGN). Time domain
studies of AGN and protostellar polarization variability will also become practicable. Studies of the
polarization properties of the interstellar medium will also allow detailed investigation of dust grain
properties and physics. These investigations would benefit from a potential future upgrade adding
450 µm capability to the camera, which would allow inference of spectral indices for polarized dust
emission in a range of environments. The enhanced mapping speed and polarization capabilities of
the new camera will transform the JCMT into a true submillimetre polarization survey instrument,
offering the potential to revolutionize our understanding of magnetic fields in the cold Universe.
1 Introduction
Our Universe is threaded by magnetic fields (also known as B-fields), whose presence is deduced from their effects on
the astrophysical generation of electromagnetic radiation, or on the propagation of that radiation through the interstellar
or intergalactic media (ISM and IGM respectively) [e.g. 1], and so through observation of polarized astrophysical signal.
Magnetic fields can significantly affect the dynamics of all phases of the ISM, being coupled to the neutral material
by Alfvénic flux freezing (“frozen in") [2]. These magnetic fields may be primordial [3] or generated or amplified by
dynamo effects [1], and can be dissipated by magnetic reconnection [4]. In order to address some of the most pressing
questions in modern astrophysics and cosmology we require knowledge of the structure and strength of magnetic fields
in the ISM and IGM, the physical roles that they play, and the conditions under which they affect gas dynamics.
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Submillimetre emission polarimetry is a key tool for deducing magnetic field properties in cold (. 100K) gas. Polarized
continuum emission arises from non-spherical dust grains aligned with their major axes perpendicular to their local
magnetic field [5]: a powerful tracer of plane-of-sky ISM magnetic field direction, as dust makes up 1% of the ISM by
mass [6], and is widely used as a proxy for molecular hydrogen [7]. Emission polarimetry is unique in its dynamic range
and wide mapping area. Polarized signal is down to column densities ∼ 1020 cm−2 in space-based observations [8],
while submillimetre dust emission remains optically thin at even the highest ISM gas densities [7]. Dust polarization
fraction ranges from a maximum of ∼ 20% in the diffuse ISM [8] to . 1% in the densest parts of molecular clouds [e.g.
9], and so polarization observations require a sensitivity & 102 times better than is needed in unpolarized light.
Methods for quantifying the dynamic importance of magnetic fields inferred from emission polarimetry are well-
established. Plane-of-sky magnetic field strength is inferred using the Davis-Chandrasekhar-Fermi (DCF) method
[10, 11], which takes deviations in magnetic field angle to result from Alfvénic distortion by non-thermal motions. The
dynamic importance of the magnetic field relative to gravity is assessed using the mass-to-flux ratio, the critical value
of which indicates a structure too massive to be supported by its internal magnetic field, while importance relative to
non-thermal ISM motions is assessed using the Alfvén Mach number, the ratio of gas velocity dispersion to Alfvén
velocity [2]. The dynamic importance of magnetic fields can also be characterised through their morphology [e.g 12].
The James Clerk Maxwell Telescope (JCMT) is a 15 m telescope operating in the wavelength range 450− 1100µm,
with a resolution of 14′′ at 850 µm, near the summit of Mauna Kea in Hawaii. The JCMT has for decades been a world
leader in submillimetre emission polarimetry, hosting the UKT Polarimeter [13], the SCUPOL polarimeter [14, 15]
on the SCUBA camera [16], and now the POL-2 polarimeter [17, 18] on the SCUBA-2 camera [19]. Each of these
has measured polarization by inserting a half-wave plate into a camera’s light path, progressing from a sensitivity of
∼ 200mJy beam−1 in a single pixel [UKT Polarimeter, 13], to ∼ 1mJy beam−1 over > 5000 pixels [POL-2, 18, 20].
The JCMT has made the first detections of magnetic fields in protostellar envelopes with the UKT Polarimeter [21, 22];
in the centre of a starburst galaxy [23] and in a starless core [24] with SCUPOL; and in a photoionized column with
POL-2 [25]. The JCMT has made most DCF measurements of magnetic field strength in the ISM to date [26].
Other recent advances have been the Planck Space Observatory [8] all-sky polarization maps, and the polarimetric
capabilities of the Atacama Large Millimeter/submillimeter Array (ALMA) [e.g. 27]. The 5′-resolution Planck
all-sky maps reveal the large-scale polarization structure of the Milky Way, but at best coarsely resolve molecular
clouds. Conversely, ALMA can map detailed magnetic fields around individual compact objects but, with a maximum
observable size scale ∼1′′, cannot provide larger-scale context. With a resolution ∼ 10′′, the JCMT bridges this gap
(see Figure 1), flexibly providing information on how Galactic-scale magnetic fields couple to fields on the smallest
scales in the ISM, through both wide-area surveys [20] and high-sensitivity mapping of individual sources [e.g. 28].
The JCMT is planning a major instrumentation upgrade. First light for a new 850µm camera is planned for October
2022, with 450µm capability added in 2024. A new large heterodyne array is planned for 2026. The new camera
will have a 12′ field of view, twice that of SCUBA-2, with a focal plane filled with 3636 pixels, each comprising
two Microwave Kinetic Induction Detectors (MKIDs), measuring orthogonal linear polarizations from a single scan
observation without a half-wave plate. Native observation of polarized signal, and the improved capabilities of MKIDs
over the SCUBA-2 bolometers, will result in a guaranteed 20× increase in polarization mapping speed over POL-2, and
an aspirational 40× increase. As shown in Figure 2, this will allow entire molecular clouds to be mapped in the time
currently required to map a single POL-2 field. This will transform the JCMT into a true polarimetric survey instrument,
while retaining its ability to map sources of particular scientific interest to unprecedented depth in polarized light.
In this white paper we present potential science goals for the new JCMT camera. While we primarily focus on the
850 µm polarimetric capabilities of the camera, we also discuss how the proposed studies could be enhanced by 450 µm
polarimetric data. Where relevant we discuss time-domain magnetic field studies. Section 2 considers star formation
and the Galactic ISM; Section 3, evolved stars and stellar remnants; Section 4, magnetic fields in external galaxies,
our own Galactic centre, and active galactic nuclei; Section 5, dust grain physics; Section 6, potential synergies with
heterodyne instruments; and Section 7, synergies with other polarimeters. Section 8 summarizes the white paper.
2 Magnetic fields in star formation
Molecular clouds: Stars form in molecular clouds, the gas dynamics of which are regulated by a, interplay between
turbulent pressure, magnetic fields and self-gravity [e.g. 33]. These cold molecular clouds form out of the warm ISM,
which is heated both by supernova shocks and by cosmic rays trapped by the galactic magnetic field [34]. Proposed
formation mechanisms include multiple-shock compression of atomic clouds embedded in a weak galactic-scale
magnetic field [35], or colliding flows in a magnetized warm ISM [36], among other models. Thus, galactic-scale
magnetic fields may be integral to setting the initial conditions for the formation of stars within molecular clouds.
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Figure 1: A comparison of JCMT, Planck and ALMA polarization observations. All vectors are rotated by 90◦ to trace
magnetic field direction. Left: Planck observations of the Orion Molecular Cloud [8]. Centre: JCMT observations of
the OMC-1 region in the centre of Orion [29]. Note the significant deviations from the large-scale field morphology. The
total area observed with the JCMT is shown as a black circle on the left-hand panel. Lower right: ALMA observations
of the Serpens SMM 1 protostar [30],located at comparable distance to Orion [31, 32]. The extent of the ALMA
observations is shown as a black square on the central panel (Serpens MM1 is not located in the marked region). Upper
right: The resolutions of Planck (grey), the JCMT (black) and ALMA (filled white circle), and the field of view of
ALMA Cycle 7 polarization observations (open white circle; 1/3 of the 18′′ ALMA primary beam). ALMA beam size
depends on array configuration; the beam shown is representative of the data in the lower right-hand panel.
Both Planck [8, 37] and extinction polarimetric observations [38] suggest that large-scale magnetic fields in molecular
clouds are bi-modal, being preferentially aligned either parallel or perpendicular to the major axis of the cloud. The
relationship between magnetic fields and filamentary structure within clouds remains uncertain. Recent observations
of the Vela C complex by BLAST-Pol [39] and of IRDCs by POL-2 [40], along with optical and NIR extinction
polarimetric results [e.g. 41, 42], show that magnetic fields on the peripheries of self-gravitating filaments are generally
perpendicular to the filaments’ major axes (see Figure 3). However, these magnetic fields may be aligned with low-
density substructures (sometimes called ‘striations’) which are themselves perpendicular to the filaments’ major axes
[42]. These striations may comprise material being accreted onto filaments along magnetic field lines [43]. These
observations tell us about overall field-filament alignment within molecular clouds, but do not provide sufficient
resolution to determine the the behaviour of magnetic field inside filaments. Conservation of magnetic flux requires
that magnetic fields either pass through filaments [e.g. 44] or wrap around them [ e.g. 45]. Sensitive high-resolution
polarization observations would distinguish between these cases, informing the role of magnetic fields in filamentary
accretion and fragmentation.
POL-2 observations of nearby molecular clouds suggest that within dense filaments, relationships between field and
filament direction can become more complex. For example, the centre of the OMC-1 molecular cloud – the nearest
region of high-mass star formation – shows a field geometry that may have been significantly distorted by large-scale
motion of material under gravity [29, see Figure 1]. However, the surface-brightness limitation and relatively small
extent of a POL-2 observation [18] and the insensitivity of SCUBA-2 to large-scale structure [47] limits our current
ability to deduce the properties of magnetic fields within filamentary structure, particularly in low-density non-self-
gravitating filaments. To determine the existence or otherwise of magnetically-supported filaments, higher-sensitivity
polarization observations with < 0.1 pc linear resolution are needed [48]. The new 850-µm camera will allow entire
molecular clouds to be mapped in polarized light at 14′′ resolution, equivalent to ∼ 0.01 pc in nearby molecular clouds.
Feedback from massive stars drives the dynamics and regulates the evolution of the molecular clouds in which they form
[49]. Intense UV radiation and/or winds from OB stars as well as supernova feedback drive the expansion of HII regions,
creating structures such as photoionized columns (also known as pillars or elephant trunks) in the photodissociation
regions (PDRs) at the interface between molecular and ionized material. The role of magnetic fields in PDR evolution
remains poorly constrained [e.g. 50, 51]. POL-2 has recently made the first map of magnetic fields within the famous
‘Pillars of Creation’ in M16 [25, see Figure 4], finding that the magnetic field is dynamically important, but unable to
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Figure 2: A comparison of polarization mapping speed between POL-2 and the proposed new camera. Image shows a
SCUBA-2 850 µm map of the Orion A molecular cloud [46]. The ‘integral filament’ is on the right of the image (North
is located to image right). Solid circle shows the full extent of a current POL-2 field, centred on the OMC-1 region.
Rectangles mark the area observable in the same time with 20× (dashed) and 40× (dotted) mapping speed.
prevent the columns’ destruction by the oncoming ionization front. However, the improved mapping speed of the new
camera will allow the entire PDR associated with an open HII region to be mapped in the time currently required to
map individual columns, allowing investigation of the role of magnetic fields in the large-scale evolution of HII regions.
Time estimate: Given a 20× increase in mapping speed, with 14 hours of observing time in Band 2 weather, 0.6 square
degrees of the sky could be observed to a depth of 1.5 mJy/beam, as shown in Figure 2. This would allow mapping
of full molecular clouds to the depth currently achieved in single pointing observations by the BISTRO (B-Fields in
Star-forming Region Observations) Survey [20], fulfilling the science goals described above.
Starless and prestellar cores: A key indicator of the relative importance of magnetic fields in the gravitational collapse
of cores to form YSOs, and of the magnetic fields in YSOs themselves, is the strength and morphology of magnetic
fields in starless cores. Starless cores are overdensities in star-forming regions which, if gravitationally bound (a
‘prestellar core’ [52]), will go on to form an individual star or system of stars [53]. A detailed understanding of how
starless cores form and evolve is necessary in order to understand the functional form of the Initial Mass Function [54].
Being extended, low-surface-brightness objects, starless cores remain particularly challenging to observe. The JCMT
has been responsible for nearly all polarimetric observations of starless cores to date, both with SCUPOL [55] and more
recently with POL-2 [e.g. 56]. Isolated starless cores generally appear to have a smooth and well-ordered magnetic
field, with detectable polarization across the cores [e.g. 57]. An example of a starless core observed with POL-2
is shown in Figure 4. Despite being gravitationally unstable [e.g. 58], none of the prestellar cores so far observed
unambiguously show the ‘hourglass’ magnetic field which would indicate ambipolar-diffusion-driven collapse [59].
The role of magnetic fields in the physics of prestellar core formation and collapse thus remains unclear. However,
very few starless cores have been observed in polarized light, due to the prohibitive amount of time required for a
detection, and observations are strongly biased towards the very highest-surface-brightness cores. With 20× increased
mapping speed, the new JCMT camera would allow at least an order of magnitude increase in the number of starless
cores detectable, and would allow investigation of whether the uniform fields seen in bright cores are the norm, and to
systematically search for cores showing signs of magnetically regulated collapse.
Debate continues over whether high-mass stars form from the monolithic collapse of prestellar cores, analogously to
low-mass stars, or through competitive accretion or other dynamic processes [49]. If high-mass prestellar cores exist,
they are likely to require significant magnetic support [e.g. 62]. Archival data from the SCUPOL Legacy Catalogue
toward a set of bright massive cores in the G 11.11-0.12 region has been used to propose that one of these sources is a
magnetically supported high-mass starless core [62]. Most detections of high-mass star-forming cores to date have been
made using interferometric observations [e.g. 63, 64] in which any extended lower-density periphery will be resolved
out. The new JCMT camera will allow entire IRDCs to be surveyed in polarized light, searching for polarization
geometries consistent with magnetic support, and for existing high-mass core candidates to be surveyed systematically,
allowing the debate over magnetically-supported high-mass starless cores to be put onto a statistical footing.
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Figure 3: Examples of magnetic fields in molecular clouds. Left: Plane-of-sky magnetic field structure observed
with POL-2 in the nearby (∼ 300 pc) Perseus B1 low-mass star-forming region [60]. Image shows 850 µm intensity;
contours show 12CO J=3-2 integrated intensity (10 and 20 K km s−1) measured with HARP [47]. Embedded YSOs are
marked with star symbols. Right: Plane-of-sky magnetic field morphology observed with BLAST-Pol in the early-stage
molecular cloud Vela C (∼ 700 pc) [61].
Time estimate: Given a 20× increase in mapping speed, the well-studied prestellar core L1544 (peak 850µm brightness
∼ 300mJy/beam) could be observed to a sensitivity of 0.5 mJy/beam with 5 hours of Band 1 observations, allowing 3-σ
detection of 0.5% polarization on-peak. A survey of 20 such cores would thus require only 100 hours of observing time.
Protostellar systems: Protostellar cores, dense cores with a size ∼ 0.1 pc containing embedded hydrostatic objects,
either young stellar objects (YSOs) or their precursors, are generally warmer, brighter and more centrally condensed
than their starless counterparts, and so are less challenging to observe. Protostellar cores, containing complex internal
structures (discs, accretion flows, etc.), are good interferometric targets [65]. However, single-dish observations provide
information on the environments of these cores unobtainable with interferometers. The new JCMT camera offers the
opportunity to perform unbiased surveys of the magnetic environments of protostellar cores in nearby molecular clouds.
Recent interferometric observations suggest that the dynamic importance of magnetic fields in protostellar cores may
vary widely: the majority have outflows randomly oriented with respect to the magnetic field direction (on scales ∼102
– 103 AU), suggesting a weak magnetic field, while a minority show parallel outflow and field directions, suggesting a
dynamically important field [65]. A large dust polarization survey could investigate whether this behaviour persists on
core-to-filament scales (&0.1 pc), and whether there is a difference in large-scale magnetic environment between the
two populations of protostellar cores. Such a survey would offer a strong legacy set of data, and would identify targets
for interferometric follow-up. Studying magnetic fields from core scales down to the scales of disks (. 102 AU) is
vital to understand the origin of those disks and the formation of jets and outflows, in order to determine whether field
misalignment, turbulence, or non-ideal magnetohydrodynamic (MHD) processes are at play [e.g., 66, 67, 68].
A further unanswered question is of the role played by magnetic fields in the formation of brown dwarfs [69]. The
improved sensitivity and mapping speed of the new JCMT camera will allow for systematic investigation of cloud
cores hosting very low luminosity objects (VeLLOs; integrated luminosity . 0.1L), potential progenitors of either
proto-brown dwarfs or very low-mass YSOs [e.g. 70]. A large sample of VeLLOs could include first hydrostatic
cores (FHSCs) – the much-searched-for adiabatic first kernel of mass which precedes a core’s collapse to make a YSO.
Regardless of whether VeLLOs are FHSCs or very young YSOs, their outflows are too weak to affect the magnetic
fields in their host cores, and so they offer the possibility of mapping the initial field structure in protostellar cores [71].
Time-domain science: A long-standing question in star formation is of the rate at which a YSO gains mass from its
surroundings [73], and of the role of magnetic fields in regulating this process. While YSOs are inherently variable
objects [e.g., 74, 75], sporadic episodes of elevated mass accretion can be observed at the earliest stages of a YSO’s
life at far-infrared (FIR) and submillimetre wavelengths [76]. The frequency and amplitude of this variability give
insight into the physical drivers of unsteady accretion. The JCMT Transients Survey first showed that submillimetre
protostellar variability is robustly observable [77, 78, 79]. When a YSO enters a burst phase, the surrounding material
5
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Figure 4: JCMT POL-2 observations of magnetic fields in the Milky Way Galaxy, on a range of scales. In all panels,
POL-2 850µm polarization vectors have uniform length and are rotated to trace magnetic field direction. Left: The
centre of the Milky Way, Sagittarius A*, and its circumnuclear disk (SMA imaging; blue) and mini-spiral (6 cm
continuum Jansky Very Large Array imaging; red) [72]. Middle: The ‘Pillars of Creation’ photoionized columns in
M16 (Hubble Space Telescope image) [25]. Right: The Ophiuchus C starless core (SCUBA-2 850µm image) [c.f. 56].
reprocesses the excess energy and the submillimetre flux increases with dust temperature [76, 79]. Monitoring potential
changes in the magnetic field in the accreting material over timescales of weeks to years will give insight into the
physical conditions of these systems. Radio observations have also shown short-timescale (hours) synchrotron flares
associated with T Tauri stars [e.g. 80, 81]. The JCMT recently made the first submillimetre observation of a similar
event in the JW 566 T Tauri Binary System [82], thought to be the most powerful of its kind recorded. Fast-followup
target-of-opportunity polarimetric observations of the dusty regions associated with such flares will be compared with
archival data to note any significant changes in magnetic field properties, even over short timescales.
Time estimate: For a YSO with peak 850µm brightness ∼ 1000mJy/beam (such as the variable source EC53 [83]),
a sensitivity ∼ 3.3mJy/beam would be required in order to make a 3-σ detection of 1% changes in polarization.
Given a 20× increase in mapping speed, this could be achieved in approximately 10 minutes of Band 2 observing
time. This would make both wide-area YSO polarization surveys covering entire molecular clouds and long-term and
target-of-opportunity monitoring of protostellar variability feasible.
450µm science: Comparison of 450µm and 850µm measurements of polarization in molecular clouds and cores
will allow study of differing polarization structures in warm and cold dust populations along the line of sight, thereby
producing quasi-three-dimensional magnetic field models [e.g 67]. The potential of such studies is demonstrated by
recent FIR polarimetric observations of Orion A, showing that the magnetic field structure observed at 850µm (Figure 1)
gives way in the FIR to a polarization structure that traces the bipolar structure produced by the BN/KL explosion [84].
The 450µm capabilities of the new camera will allow such comparisons to be made as a matter of course.
3 Late-stage Stellar Evolution
AGB stars and planetary nebulae: The new JCMT camera will significantly improve our knowledge of magnetic fields
in asymptotic giant branch (AGB) stars and planetary nebulae by allowing the study of magnetic fields in circumstellar
material, and so of the typical magnetic field geometry within a circumstellar envelope, how magnetic fields regulate
mass-loss phenomena in AGB stars (or vice versa), and of the relationship between stellar and circumstellar magnetic
fields. Cool evolved stars have significant magnetic fields both at their surfaces [85] and in their envelopes [e.g. 86, 87],
measurements of which currently use Zeeman splitting either of atomic lines from the stellar photosphere or of maser
transitions of molecules in the circumstellar material. However, these measurements sample only a small fraction of the
gas associated with the stars, while photospheric lines may be affected by starspots, and masers inherently sample only
high-density, population-inverted, molecular gas in the inner outflow. An overall view of magnetism in evolved stars
requires observations of the overall magnetic field structure of the circumstellar envelope.
Debate continues as to whether magnetic fields in AGB stars are produced by angular-momentum transfer from a
companion. Statistics of the presence and morphology of the large-scale field will allow comparison to models of the
expected population of companions, and with known binary stars. Comparison between field morphology and mass-loss
history will reveal whether magnetic fields play any role in shaping the outflow. Correlating magnetic field properties
with evolutionary stage will explore how fields evolve with the stars, and if they play a role in the changes that occur as
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stars evolve off the AGB. Moreover, along with supernovae, AGB stars have been considered as major sites of dust grain
production. Data provided by the new camera would thus provide new observational constraints on dust grain physics.
Time estimate: ALMA observations of IRC+10216, the brightest AGB star in the submillimetre [88], suggest that
POL-2 might need∼ 30 hours of Band 1 weather to detect 5%-polarized emission in the outer envelope. A 20× increase
in speed would make the brightest sources observable in 1–2 hours each. A large program could thus observe tens or
hundreds of evolved stars and map the polarization in their envelopes, particularly if informed by the results of the
ongoing Nearby Evolved Stars Survey (NESS) Large Program, or by future continuum mapping with the new camera.
Supernova remnants: ISM properties control galactic evolution by regulating star formation rate, while stars return
much of their material to the ISM through dense winds or supernova explosions at the end of their lives. These
supernovae send shock waves into the ISM, producing supernova remnants (SNRs) which disperse heavy elements,
while also compressing and seeding magnetic field lines [e.g., 89, 90]. The origin of magnetic fields in SNRs and their
link to the magnetic field of their host galaxy is an important open question, with few objects studied in detail [e.g.,
91, 92]. While submillimetre observations offer a new, independent way of probing magnetic fields, only a few SNRs
have been mapped in submillimetre polarization to date.With the 20× increase in mapping speed of the new JCMT
camera, 850µm polarization observations of SNRs will be achievable for large numbers of objects, opening a new field
of study for the JCMT. A polarization survey of the nearby galaxies M31 and M33 will help link our understanding of
the global view of their star formation with their magnetic field morphology: while most extragalactic SNRs will be
very compact, their high polarization fractions mean they should be detectable with the new JCMT camera.
The new camera will also enable novel studies in the field of pulsar wind nebulae (PWNe), a subclass of core-collapse
supernovae. These are non-thermal, polarized synchrotron bubbles inflated by the loss of rotational energy from
fast-spinning neutron stars. It is believed that dust grains are able to penetrate into the nebula given the low pulsar
velocity, thus making circum-pulsar disks [93]. Future observations of a large sample of PWNe (in their different stages
of evolution) will open a new window into the discovery of circum-pulsar disks in which planets may form.
SNR magnetic field studies are important not only to understand the particle acceleration mechanism operating in SNR
shocks, but also to address the larger questions of cosmic magnetism and the origin of cosmic rays driving future large
radio telescopes such as the Square Kilometer Array and the next generation VLA (ngVLA), and the γ-ray Cherenkov
Telescope Array. Observations made with the new JCMT camera will serve as pathfinder science for these instruments.
Time estimate: 850µm polarization is detected in 9 hours of mixed Band 1/2 POL-2 commissioning observations of the
Crab Nebula SNR. A similar detection would thus be achievable in approximately 30 minutes with a 20× increase in
mapping speed. Fainter SNRs would thus be detectable with a few hours of observing time.
4 Galactic-scale magnetic fields
Spiral Galaxies: The disk of our galaxy is threaded by a large-scale magnetic field, mostly parallel to its spiral arms
[e.g., 8, 94]. Similar fields have also been observed in nearby galaxies [95, 96], indicating that these fields are closely
tied to the dynamics of spiral galaxies [97], and are likely sustained by a dynamo effect created by differential rotation
and star formation occurring within them [e.g., 98]. However, Faraday rotation measures have shown the existence of a
field reversal in the inner region of our galaxy [e.g., 99], which has not yet been observed elsewhere, and which could
indicate anisotropic turbulence in galactic magnetic fields, or perturbation by satellite galaxies [97].
Submillimetre dust polarization observations in nearby spiral galaxies will allow insight into the magnetic properties of
the high-density gas, which will serve as templates to better understand our own galaxy’s magnetic field [8]. Several of
these nearby galaxies were successfully detected at 450 µm and 850 µm by the JINGLE survey using the SCUBA-2
camera on the JCMT [100], and so the new camera will have the required sensitivity to detect polarization in these
objects. The new camera’s larger field of view will allow the first 850 µm polarization surveys of the M31 and M33
galaxies, as discussed above. These extragalactic polarization data sets can be analyzed similarly to those of molecular
clouds, providing information about the magnetic and turbulent properties of galactic-scale magnetic fields [101].
Time estimate: M31 occupies approximately 3 square degrees on the sky. To map this area to 1.5 mJy/beam sensitivity in
850µm polarized light with the new camera would require approximately 70 hours of Band 2 time, making polarization
surveys of nearby spiral galaxies eminently feasible.
Starburst Galaxies: Galactic magnetic field strengths ∼100µG are observed in starburst (intensely star-forming)
galaxies [e.g., 102]. In comparison, the Milky Way’s large-scale field strength is ∼ 5 µG, similar to M31 and M33
[97]. While the origin of starburst galaxies’ strong magnetic fields is not well-understood, their interaction with galactic
outflows may have magnetized the IGM in the early universe [e.g., 103]. The new JCMT camera will significantly
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expand our knowledge of the magnetic field structure in the densest regions of starburst galaxies, helping to explain the
nature of these fields and how they are maintained in environments of intense stellar feedback [e.g., 23, 97, 104].
Time estimate: The starburst galaxy M82 has a peak 850µm brightness of 1400 mJy/beam and a median polarization
fraction of 2.8% [23]. A 5-σ detection of this polarization fraction could be achieved in less than 3 minutes in Band 2
weather with the new camera, and fainter starbursts could be observed in minutes or hours.
Super-Massive Black Holes and Active Galactic Nuclei: The role of magnetic fields in galactic evolution can be
investigated through observations of Sagittarius A*, the super-massive black hole (SMBH) at the centre of our galaxy.
While Sgr A* is currently quiescent, its accretion behaviour provides information on AGN physics, such as jet launching
mechanisms and galactic-scale feedback, unobtainable in more distant sources. Similarly to AGN such as Cygnus A
[105], Sgr A* hosts a circumnuclear disc (CND) with a rotating molecular torus housing ionized streamers [106, 107].
POL-2 observations of the CND (Figure 4) show that the magnetic field and the CND align on larger scales, while
the innermost field lines align with the streamers [72, 108], suggesting that the CND and the streamers are an inflow
system. Observations with the new JCMT camera will allow the large-scale magnetic environment of the Galactic
centre and Sgr A* to be mapped in unprecedented detail. These combined with observations of Sgr A* itself from the
Event Horizon Telescope [109, 110], of which the JCMT is a part, will revolutionize our understanding of how SMBHs
acquire mass, and so how magnetic fields influence the galactic-scale feedback effects that regulate galactic evolution.
Time estimate: The POL-2 polarization vectors of the Galactic Centre shown in Figure 1 were achieved in ∼ 14.5 hours
of mixed Band 1/2 time, with a sensitivity ∼ 1.6mJy/beam [72]. With the new camera, such an observation could be
made in ∼ 45 minutes, making a deep, wide-area survey of the Galactic Centre quickly practicable.
Time-domain science: Among the most extreme environments in which magnetic fields have been detected are jets
launched from accretion events onto SMBHs in radio-loud AGN [e.g. 111]. The 850 µm emission of these objects is
dominated by highly-polarized synchrotron radiation from relativistic electrons accelerated along magnetic field lines
[e.g. 112], and the turbulent nature of the magnetized medium found within shocks along these relativistic jets may
cause their observed temporal variability in polarized intensity [e.g. 113, 114].
Time estimate: Variable AGN polarization is detected between 40-minute Band 2 850µm POL-2 observations (sensitivity
∼ 7mJy/beam) [18]. The new camera would decrease the observing time per measurement to 2 minutes, making a
daily observing campaign possible. Such high-cadence measurements would provide a statistically-significant AGN
variability data set on timescales of days, and would allow precise measurements of intra-day variability [e.g. 115].
450µm science: The smaller beam size of the JCMT at 450 µm may help to detect polarized emission from radio-loud
AGN by reducing the effect of beam dilution on the measured signal. More importantly, while synchrotron emission is
typically the main source of emission in these AGN, their 850 µm polarization can be contaminated by dust emission,
[116]. This dust component would typically be an order of magnitude brighter than the synchrotron emission at 450 µm,
thus lifting the degeneracy between the thermal and non-thermal components at 850 µm. Combined 450 µm and
850 µm polarimetric data of flat-spectrum radio-loud AGN such as blazars can also be used to probe the electron density
and magnetic field properties in the inner components of relativistic jets launched by SMBHs [e.g. 113, 115, 117].
5 Dust grain physics and alignment mechanisms
For polarization observations to trace magnetic fields, a fraction of the ISM dust population must consist of non-spherical
grains with major axes preferentially aligned perpendicular to the local magnetic field direction [5]. The most promising
theory for how this occurs is the Radiative Alignment Torques (RATs) paradigm [119], in which irregular grains are
spun up by anisotropic radiation [120]. If grain alignment is driven by an incident radiation field, its effectiveness should
decrease with increasing extinction [119, 120]. A systematic decrease in polarization fraction towards high-extinction
lines of sight (often called a ‘polarization hole’) is indeed commonly observed [e.g. 9, 60, 121], implying loss of grain
alignment, an effect most pronounced in starless cores which have no internal source of photons [122, 123]. However,
non-Gaussian noise properties of polarization measurements can lead to a predisposition for a lack of grain alignment
to be inferred at low-to-intermediate signal-to-noise [124]. Higher-sensitivity observations will allow observation of
starless and protostellar cores in a wider range of environments, elucidating the conditions under which grains lose
alignment with the magnetic field, and so constraining the size distribution of grains in high-density regions.
Simple models predict an approximately flat submillimetre polarization spectrum (the variation of polarization fraction
with wavelength) in molecular clouds [125]. However, polarization spectra have been found to have a minimum at
350 µm [e.g. 125, 126]. While this is possible in the RAT paradigm [127], the predicted variation in polarization
fraction with wavelength is too small to explain the apparent 350µm minimum. However, recent work combining
BLAST-Pol 250–500 µm and Planck 850 µm observations have shown a polarization spectrum which is flat to within
10–20% across the submillimetre in nearby molecular clouds [128, 129]. Comparing polarization spectra observed on
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Figure 5: A comparison between magnetic field strengths determined (a) directly from Zeeman splitting measurements
[118] and (b) indirectly using the DCF method [26]. The left-hand plot compares H volume density to line-of-sight
field strength. The right-hand plot compares H2 volume density to plane-of-sky field strength. The dashed line shown
in both panels is the upper-limit field strength inferred from the Zeeman measurements in panel (a).
∼ 5′ scales with those observed on ∼ 10′′ scales will allow investigation of how grain properties vary from molecular
cloud scales to filament/core scales, and of the dependence of grain growth on temperature, density and radiation field.
450µm science: Replacing Planck’s 5′ beam with the JCMT’s 12′′ resolution will produce detailed submillimetre
polarization spectra through synthesis with BLAST-TNG [130] and SOFIA [131], with 36′′-resolution (BLAST 500 µm).
The upgrade to include 450 µm imaging could replace BLAST-TNG’s 500 µm band, further improving the resolution.
6 Synergy with molecular line magnetic field observations
Zeeman Effect: The most direct measurement of astrophysical magnetic field strength is through Zeeman splitting of
paramagnetic spectral lines. Such line-of-sight field strength measurements, using either thermal lines (e.g., HI, OH
and CN) or maser lines (e.g., H2O), have only been achieved toward a limited number of sources [e.g. 132]. Although
magnetic field strengths inferred from dust emission using DCF analysis are comparatively indirect, they can, through
wide-area mapping, simultaneously provide both the field structure and its strength in the plane of the sky [e.g. 26].
While Zeeman and DCF measurements probe different magnetic field components, the two are broadly consistent with
and complement each other (Figure 5) [26], and can be combined to estimate total magnetic field strength [58]. A
more complex approach is to combine polarization, Zeeman and ion-to-neutral molecular line width ratios in order to
determine the angle of the magnetic field with respect to the line of sight [133, 134].
With its enhanced sensitivity, the new JCMT camera will allow estimates of magnetic field strengths to be obtained even
in the lower-density periphery of molecular clouds. We will therefore have a more complete knowledge of magnetic
field strengths over a larger range of gas densities, as shown in Figure 5. Polarization maps made using the new camera
will thus provide a valuable reference for the planning of future measurements of the Zeeman effect as well as providing
opportunities to infer three-dimensional magnetic field properties, and driving associated theoretical studies.
Goldreich-Kylafis effect: Molecular line polarization can arise from the Goldreich-Kylafis (GK) effect [135], in
which molecular line emission may in certain circumstances be linearly polarized either parallel or perpendicular to
the plane-of-sky magnetic field. The GK effect can complement emission polarimetry, occurring in regions where
polarized dust emission is to faint to detect: for example, dust polarization can be used to probe magnetic fields in the
high-column-density circumstellar material around YSOs, while fields in the low-column-density lobes of molecular
outflows can be probed using the GK effect. Spectropolarimetric observations can also be used to probe the structure of
magnetic fields in position-position-velocity space in order to, for example, disentangle the magnetic field of the galactic
spiral arms. Wide-field Galactic plane observations made using the new JCMT camera, complemented with targeted
observations of the GK effect with the forthcoming heterodyne array, might for the first time reveal the magnetic field
structures of individual spiral arms, and the connection between galactic-scale and cloud-scale magnetic fields.
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7 Synergies with other polarimeters
As discussed in Section 1, and elsewhere above, the resolution, field of view and mapping speed of the JCMT makes it
an excellent bridge between Planck all-sky polarization maps and interferometric polarization imaging with ALMA
and other similar instruments such as the Submillimeter Array (SMA). The new JCMT camera will both perform
targeted high-resolution follow-up of Planck observations and undertake wide-area surveys from which targets for
interferometric follow-up can be selected. The new JCMT camera will also perform pathfinder science for forthcoming
large radio telescopes such as the Square Kilometer Array (SKA) and the next generation VLA (ngVLA).
The new JCMT camera will also synergize with other current and forthcoming single-dish polarization instruments
[26]. HAWC+ [131], currently operating on the airborne SOFIA observatory, is an FIR polarimeter operating in the
wavelength range 53–214µm with resolution 4.8–18.2′′. HAWC+ is optimized to observe a warmer dust population
than the JCMT; as discussed in Section 5, synthesis of polarization observations across the FIR/submillimetre regime is
essential to understanding how dust properties and magnetic fields vary with gas temperature and density. BLAST-TNG
[136], a balloon-borne polarimeter planned to fly from Antarctica in December 2019, operates at 250–500µm with
resolutions 30–60′′. Flight in Antarctica mean that BLAST-TNG can observe a limited number of Southern-sky targets,
with declinations largely not observable by the JCMT, making the two instruments complementary.
TolTEC [137], the camera currently being commissioned at the LMT, will operate at wavelengths 1.1–2.1mm, with
resolution 5.0–9.8′′. NIKA-2 [138], a camera currently being commissioned at the IRAM 30m telescope, will operate
at 1.2 and 2.0mm with resolutions of 11 and 18′′. Both cameras will offer a polarization mode. Synthesis of JCMT
850µm and 450µm observations with these data will further add to polarization spectra across the wavelength range
of dust continuum emission, while the higher surface brightness of cold dust at 450µm and 850µm will enhance the
JCMT’s ability to detect cold and dense sources over that of millimetre cameras. Moreover, comparison of millimetre
and submillimetre observations of sources with significant non-thermal emission will allow the effects of synchrotron
radiation to be disentangled from continuum emission (c.f. Section 4). The A-MKID camera [139], currently being
commissioned at APEX, will operate at 350µm and 850µm with resolutions of 8 and 19′′, and will offer a polarization
mode. Observing declinations < +50◦, A-MKID may prove to be an effective Southern-sky counterpart to the JCMT.
All of these single-dish polarimeters modulate signal using a half-wave plate or polarizing grid [26]. The new JCMT
camera will therefore have an intrinsic advantage in its ability to measure polarization natively, making it unique in its
ability to provide polarization information as a standard component of an astrophysical observation.
8 Executive Summary
The James Clerk Maxwell Telescope (JCMT), which has long been at the forefront of submillimetre polarization
instrumentation, is proposing a next-generation 850 µm camera. In this white paper we have presented the science
case for the polarimetric capabilities of this camera. The JCMT’s current POL-2/SCUBA-2 system has provided its
user community with an outstanding and unique imaging polarimeter, and has resulted in numerous international
collaborations and the global exchange of knowledge and ideas. The science goals and instrumentation requirements
described in this work are based on wide-ranging discussions both across and beyond the JCMT community.
The new JCMT camera will be a vital tool with which to address fundamental questions of the role of magnetic fields in
galactic astronomy and star formation, and also to pursue such studies beyond the Milky Way by analysing the magnetic
field properties of galaxies as a whole. Key questions in such galactic and extra-galactic studies would include that of
the role of magnetic fields in determining star formation efficiency and the origin of the Initial Mass Function, and
in determining a galaxy’s structure, ISM thermal balance, and global star formation rate. The JCMT is vital to such
studies, with a mapping size of tens of arcminutes and an angular resolution of 14′′at 850µm, and operating in the
optimal wavelength regime for detection of cold and dense material. The new JCMT camera’s enhanced sensitivity and
wide field of view will make it unique in its ability to serve as a wide-area survey instrument with which to study the
interplay between self-gravity, turbulence and magnetism which drives the evolution of the cold ISM, and so to resolve
questions crucial to our understanding of cosmic star-formation history.
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